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A ony

A large-tilt-angle lifting-surface ry is developed for tilt-wing and
tilt-propeller (or rotor) type V/STOL aircraft. The method is based up-
on an inclined actuator disc analysis in which closed-form solutions are
obtained for the velocity potential inside and outside a single fully con-
tracted circular slipstream at large distances behind the actuator surface.
Both the normal velocity and the nonlinear pressure boundary conditions
are satisfied exactly across the slipstream interface for a single slip-
stream at arbitrary inclination angles to the free stream.

The inclined actuator disc analysis is combined with a discrete-vortex
Weissinger-type lifting surface theory for application to wing-propeller
combinations at arbitrary wing angle of attack, propeller tilt angle, and
thrust coefficient. Wing-induced modifications to the boundary conditions
across the slipstream interface are made according to the approach of
Ribner and Ellis. The theory is generalized for configurations with one,
two, or four slipstreams, and effects of slipstream rotation are intro-
duced in all but the single-slipstream cases,

Sample calculations showing a comparison with previous test data are
presented. Agreement between theory and experiment is shown to be
satisfactory for small slipstream inclination angles. However, at large
tilt angles the theory (with an undeformed, but displaced, slipstream and
wake) tends to predict significantly lower downwash angles in the tail
region than observed from a single set of test data, possibly due to slip-
stream deformation and wake roll-up which reduce the downward wake
displacement. Use of only one-half the calculated wake displacement
gave improved agreement with downwash angle data at these conditions.
However, insufficient downwash angle data are available for making a
general evaluation of the theory at large slipstream angles,

Extensive digital computer results are given in chart form, showing span
loading, downwash angle ¢, stability parameter de¢/da, and dynamic
pressure inside as well as outside the propeller (rotor) slipstream at ar-
bitrary points behind the wing. These charts are presented for V/STOL
configurations with two and four slipstreams and at flight conditions rang-
ing from hover to cruise.
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INTRODUCTION

Considerable research effort has been expended in the past pertaining to
the interaction between a wing and slipstream, Most noteworthy is the
pioneering contribution of Koning (reference 1), who formulated the proper
boundary conditions across the interface of an uninclined slipstream.
Koning matched both pressure and flow angle on each side of the boundary
withir the limitations of linearized theory and used the Prandtl lifting line
theory to predict slipstream interference effects at cruise speeds. Kon-
ing's treatment was extended to a wider range of forward speeds by
Glauert (rcference 2) and by Franke and Weinig (reference 3). The latter
authors also improved and generalized the theory to include effects of
small propeller inclination and slipstream rotation. Nevertheless, com-
parison with test data indicated that the theory overpredicted the additional
wing lift inside the slipstream by a substantial margin (reference 4).

Partly because of this failure of the lifting line approach, which was as-
sumed due to the low aspect ratio of the wing segment inside the slip-
stream, Graham, et al. (reference 5), supplemented the lifting line theory
with lifting surface (Weissinger) and slender body theories, and found
improved agreement with test data. The Weissinger lifting surface the-
ory was subsequently generalized in a series of papers by Ribner and
Ellis (references 6 through 8) to apply to multiple uninclined slipstreams
of arbitrary cross section. The Iatter authors introduced horseshoe vor-
tex elements of unknown streny‘ii along the wing 1/4-chord line, and re-
quired that the wing boundary condition be satisfied at the 3/4-chord line
in accordance with the standard Weissinger approach, By considering a
reduced velocity potential inside the slipstream, they were able to satisfy
both the pressure and flow angle boundary conditions across the slip-
stream(s) through introduction of an additional set of unknown horseshoe
vortex elements around the slipstream periphery. Calculations carried
out for a wing and a single uninclined slipstream showed good agreement
with the test data of Brenckmann (reference 9).

It is clear that the theory of wing-propeller interaction must be extended
to include effects of large slipstream inclination, if the theory is to be
applicable for tilt-wing or tilt-rotor type V/STOL aircraft. Previous
attempts to treat inclined slipstreams have been unsuccessful, partly be-
cause of the use of a solid cylinder approximation for the inclined slip-
stream, e.g., references 5 and 8. Although the solid cylinder produces a
disturbed flow field outside the slipstream which satisfies the normal
velocity boundary condition, the nonlinear pressure boundary condition is
not satisfied. The rectification of this inadequacy and the development of
a wing-slipstream interaction theory applicable to V/STOL technology
are the motivations for the present study.

In the present report a new inclined actuator disc theory, which satisfies
both the normal velocity and nonlinear pressure boundary conditions
across the slipstream interface, is first derived. The inclined actuator




disc theory is subsequently combined with the Ribner-Ellis lifting surface
method to treat tilt-rotor or propeller-wing combinations at large tilt
angles and at forward speeds from hover to cruise. Effects of slipstream
rotation are included by adopting a viscous core vortex model inside the
slipstream for the swirl velocities. The major assumptions in the re-
sulting generalized analysis are that the slipstream is fully contracted, is
of basically circular cross section, and is of constant total head (but with
nonuniform velocities and static pressures) in the region of the wing.
Unseparated flow is assumed over the wing panels, both inside and out-
side the slipstream, and effects of wake roll-up and slipstream distortion
are assumed to be negligible.

The theory is compared wherever possible with available experimental
data. In addition, an extensive series of calculations is carried out to
provide theoretical data on the span loading and on the downwash angles
and dynamic pressures in the wake and slipstream for representative two-
and four-slipstream V/STOL configurations and flight conditions. These
results are presented in chart form for the rapid estimation of the stabil-
ity and control characteristics and of wing structural requirements. [t is
recognized that additional experimenial verification of the theory is re-
quired, especially for large tilt angle conditions for which detailed wake
and slipstream surveys are largely unavailable.




INCLINED ACTUATOR DISC THEORY

BOUNDARY CONDITIONS AND GENERA L SOLUTION

The incompressible flow field created by an actuator disc with its axis in-
clined to the free-stream direction at an angle ap is to be considered

(Figure 1). The air passing through the actuator disc is assumed to
experience a uniform increase in total and static pressure of magnitude
AH, so that the total pressure inside the slipstream has the constant
value H8 = Ho + AH, where Ho is the total pressure outside the slip-

stream. The resultant force on the actuator disc is assumed to act nor-
mal to the disc surface, and is of magnitude Ap AH. In this respect

the actuator disc differs from an inclined propeller or rotor which devel-
ops forces in the plane of rotation. This in-plane force is usually small
compared to the normal force, and is neglected in the present formulation.

We next assume that this flow field can be approximated far behind the
actuator disc by a distribution of suitable singularities around the surface
of a semi-infinite circular tube (Figure 1), The axis of the tube is inclined
to the free stream by the angle 6. This is the angle at which the slip-
stream would be inclined far behind the disc if not for distortion. The
radius of the tube is taken as that of the fully contracted slipstream r =R,
and the boundary conditions which must hold across a fluid interface are
satisfied on the surface of the tube.

A slipstream coordinate system x, y, z (or equivalently x, r, 0) with the
x-axis coincident with the tube axis is introduced for convenience. De-
noting by \70. ﬁs the velocities outside and inside the slipstream, re-

spectively, the boundary ccndition on the velocity components normal to
the slipstream boundary is

ol ol bl i

er-Vo er-Vs

- T T— for r =R (1)
e «V e -V

x o x 8

where :x’ :r' :6 are unit vectors in the designated directions (Figure 1),
Equation (1) signifies that the flow angles normal to the cylindrical sur-
face are the same across the interface, but allows a discontinuity in the
velocity components in the piine of the surface.

The axial velocity components of '\70 and Vs are designated by :x u,
and :x u,, respectively, and may be regarded as constant at large

distances from the actuator disc. However, the cross-flow velocity
components are nonuniform, even for large x, and lead to deformation
of the originally circular slipstream.




A second boundary condition is that the static pressures Py (T) 6) and
P, (r, 6) outside and inside the slipstream, respectively, are identical

on the tube surface. It will prove convenient in the analysis to change the
flow into one of constant total head by subtracting AH from the pressure
Pg inside the slipstream. The pressure boundary condition is then

Po(R,0) - p (R,0) = &H (2)

The above flow field may be obtained by suitably distributing singularities
on the surface of the cylindrical tube. First, consider a distribution of

olin

vortices y = Ee%ﬁ peinted in the azimuthal direction with strength TI'

independent of 8 (ring vortices). Restricting ourselves to large distances
behind the actuator disc, the ring vortex distribution may be regarded as
infinitely long and of uniform strength. It will therefore induce only axial
velocity components inside the tube, and will have no influence outside
the tube. The derivative y is chosen sc that the induced velocity VY

inside the tube is e (u -ul), viz.,
X s o]

limv=:y=:(u-u), r < R
Xe© X X 8 o
(3)
im V =0 , r >R
X > ©

Next, a distribution of rortices and sources and sinks with axes parallel
to x is introduced. These singularities will vary in strength as a func-
tion of 6, but can be assumed independent of x when x<+®, In this
limit, and using symmetry conditions about @ =1 n/2, the most general
form of the resulting two-dimensional velocity perturbation potential may
be written as

= RC_(r/R)"
¢ =9, = - ~ sinn8 , r < R (4)
n=1,3,5
2 RD_(r/R)7"
¢=¢o=z —L———— sinno, r >R (5)

n=1,3,5

Thus, the resultant velocities for xwo become

V'=Vm+ex(us-uo)+V¢s =exus+ezwm+V¢s, r< R (6)
V0=Vm+v¢po =exu°+ez Yo tVe, r >R (7)




where the undisturbed free-stream velocity .\7& has been resolved into
components

i E -
V = e u +e w
[ o] X O z @
with u =V cosbd and w_ = V 8inb
o ® ) ®

EVALUATION OF THE UNKNOWN COEFFICIENTS

The coefficients Cn' Dn , which must be known to obtain the velocity

field, are determined from the boundary conditions on the slipstream
interface.

Making use of Eqs. (6) and (7), the normal velocity condition [ Eq. (1)]
becomes

8¢o/8r-p.8¢ps/8r=-(l-p) w_sin®, r = R (8)
where = uo/us.

Introducing Eqs. (4) and (), and satisfying Eq. ( 8) for each term in
sinn®, gives the following conditions on the coefficients:

D, - wCy = (1 - ) wy
(9)
D

n

p.Cn. nz 3

Utilizing the steady form of the incompressible Bernoulli equation, the
pressure condition [ Eq. (2)] may be similarly expressed as

2 2
AH _ 2 2 [=~ -
2 i u-u Lezww-tv ws] - [GZWQ+V¢O] » r =R (10)

where the density p is taken as the same inside and outside the slip-
stream. Since Ve, and Ve, are both functions of 8, whereas the re-

maining quantities in Eq. (10) are independent of 6, itis required that

2AH _ 2 2
——=u_ - u

o] 8 o ' r =R
or, equivalently,
2
ﬁ=l—-zg— cosz6, r = R (11)
9% "




in order that Eq. (10) be satisfied.
condition becomes

Using complex n.' *tion, the pressure

liwm+V¢s|=|iwm+V¢o, r =R
which may be written, without loss of generality, as
iz (6) : - : -
e (wm-1V¢s)—w°-1V¢o, r =R (12)

where [ is an unknown function of 6 to be determined, and

v e =0¢/dy +i(9¢/32). Substituting Eqs. (4), (5), and (9) into Eq. (12)
for r = R, and observing that all coefficients C,, Dp are real, itis
readily determined that { must be either 0 or n. Taking first { =0,

and equating coefficients of like powers of e'® on both sides of Eq. (12),
gives

Cl =0
C3 = -(l-p.)wq0 (13)
Cn+2 = -an, nz 3

Complex Perturbation Potential

In terms of the complex potentials Fs (=¢S+ i LLS) and F‘O (= <p0+ 14:0) ine

side and outside the slipstream, respectively, Eqs. (4) and (5) yield

dF_/dZ = iz c_(z/R)™!

n=1, 3,. . (14)
dF_/dZ = -iz ——-E-m

nel,3,... (Z/R)

i 1 : . . 1
where dF/dZ—(cprcosO - r<pesnn())-1(q:r sin® + — ¢, cos )

and Z=reie.

By inserting Eqs. (9) and (13) for the coefficients Cn’ Dn in Eq. (14), it

is found that the series can be readily summed. The resulting closed -

* The rejection of solutions with L = n is justified in the next section.




form expressions may be integrated with respect to Z, giving

., 1/2
L -w 1- (2/R-i/u
F_=- z+-L—{} R In (15)
sTT e Yen T 32 e LZ/R+i/pl/ZJ
L 1/2
F_=- 1-1 5 me.kxfz/R "“1/2 } (16)
2 Lz/R+ip

In the limit p-1, which corresponds to an actuator disc of vanishing
strength, AH-+0 and Fs and Fo vanish, indicating that the flow field

is undisturbed in this limit. Re-evaluation of the coefficients for { = n
yields expressions similar in form to Eqs. (15) and (16), except that the
factor (1-u)is replaced by (l+p). These solutions must be discarded,
because they fail to satisfy the physical flow in the limit u-+1.

In the limit u+0, corresponding either to an inclined actuator disc of in-
finite strength (AH#%) or at zero forward velocity, expansion of the
logarithmic term in Eq. (16) shows that F becomes the complex poten-

tial produced by a doublet at the origin. Upon superposition of the com-
ponent w_ of the free stream velocity parallel to the z-axis, the result-

ant outside flow velocity becomes the same as if the slipstream boundary
were a solid surface, The solid cylinder approximation for an inclined
slipstream, which was discussed in the Introduction, is found to hold only
in this limit,

At intermediate values of u, the complex perturbation potential F_ is
rccognized as that due to a source of strength w(l-p) w_ R/|.xl/Z located
at Z =-1iR p.l/z and to a sink of equal strength located at Z = iR HI/Z.
Similarly, Fs is that of a source and sinkat Z=%tiR/p l/Z. together

with a parallel flow of velocity (1-p)w_/p inthe positive Z direction,

Velocity Field

Having obtained the complex potential in the Trefftz plane x = @, the
overall velocity field is readily evaluated from Eqs. (6} and (7). The
velocity potentials ., and ¢, are found by extracting the real parts of

FS and Fo, respectively. Thus, in rectangular coordinates,

| 2. 2. .2 1/ 2
¢s = - Vo 2 ° I;Z meln[LZ+ZZ+RZ/“+ZRz’/u1/Z]
. 4p y“+2"+R%/u - 2R z/u

(17)




' —— e e S v 500

-2, 2 2 1/2
0 = l- w Rlnly +z2 +R p+ ZRzp./ ] (18)
o 4“I’Z ® yz+zZ+R2p.-2Rzp.vZ

Taking the gradient of the above expressions and substituting into Eqs. (6)
and (7), the overall velocity components u, v, w in the x, y, z direc-
tions at any arbitrary point in the flow field are found to be

u = V cosbd
o]
v 20wy — | R?v_ains (19) ]
[y2+(z-Rpl/z) J[y2+(z+Rul/z) J r
2,2 2 2
w = {14 (LoplR (zy -zt iR 3= Vg ®iné
[y2+(z-RHl/Z) J{-yz+(z+RMl/Z) _JI /

for y2+zz> RZ. and

u_ = V_cos 6/n

\
v, = z{l-u)yz 5 RZ V_sind (20)
[uyzuul/zz-n) Hw"uu‘”nm J }

w ={¢1- (L-p)RE(uy?-uz®+R%) 5 vy Sinb
s = @© K
[uyz+(ul/zz-R)2J[u Y2+(pl/ZZ+R) J

for y2+zZ<R2.

Equations (19) and (20) give the velocities in the flow field at x= o in
terms of the parameters p and 6. Before applying these expressions to
evaluating the downwash angle distribution inside as well as outside the
slipstream, it will prove convenient to express p and & interms of
parameters of more physical significance. This will be accomplished in
the next section by relating p and & to the tilt angle ap and thrust

coefficient T'C'. It will also be convenient to relate the vortex tube radius

R to the physical radius of the disc Rp.




Forces and Power on an Inclined Actuator Disc

In order to evaluate the forces acting on the disc, a cylindrical control
tube of radius RC is placed around the disc and slipstream as shown in

Figure 2. The value of RC is taken sufficiently large so that the pres-
sure is ambient around the cylindrical surface S3. The velocity is as-
sumed to be equal to Vm on the forward face Sl at x = - o, and to be
given by Eqs. (19) and (20) on the rear face SZ at x = . The continuity

equation is written in integral form as

S'V(-m)-d§+g+§ V(m)-d§+y V(RC).d's“=o
S) 5)im S22 S3
where d§ has the direction of the inward normal to the surface, and the

subscripts s and o designate the portions of S2 inside and outside the

slipstream, respectively. Using Eqs. (6) and (7), the net mass flux into
the cylindrical surface becomes, for a unit density,
V(R )-d§=ﬂRZ(u -u)
c s o
53
and carries a net momentum flux
s - Y _ 2 -
V(V -dS) = nR (us-uo)Vm (21)
53

The momentum equation is expressed in the form

?:-pS‘V(V-ﬁ)-S' pdS (22)
Sl+SZ+ S3 Sl+ SZ+ S3
where T is the thrust force normal to the actuator disc. Taking the

component of T in the x direction and making use of Eqs. (6), (7), (11)
and (21), together with the incompressible form of Bernoulli's equation,
after some rearrangement we obtain




1 G
2 s 1 s 2
-pw, {Io+—_2 + E(Go+ 2)]1\'R
)
(23)
Here we have defined
0o
10=_LZ_ az°ds
™R
2o
de¢
I = 1 g dsS
s 2 9z
R %
2s
(24)

1 - 2
o 2 (V‘po) 43
TR
S
2o

Q
"

G :_I—TS (V:} )st
s

mR 5
2s

where ¢ isa modified velocity potential such that

Bo /82 = (1/w,)00,/02
89 /0y = (/w )00, /8y
2p /02 = (w/w,) (e /22) - (1-p)
dg /0y * (w/w_)de /0y
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The integrals given by Eq. (24), as evaluated in Appendix I, are

I

1]
Pt
[}
]
—
—
1
s
—

(6] S

2 .
G =g =W /14y
o} s AN l-p

Substituting these results into Eq. (23) gives

x=anru (u _u)+<1& {(1+”2)|—1- Ctﬁ)J-lzp}J

(25)

Carrying out a similar evaluation for the component of T inthe =z direc-
tion (the pressure forces do not contribute to this component) gives

2
Z -nR p(l-p)uowm (26)
It is convenient to express the forces on the actuator disc in terms of
horizontal and vertical force coefficients CH" and CL" , based on the
P P

propeller area Ap and the dynamic pressure in the slipstream at ambient
static pressure. Thus we define
C." _Xcosb-2Z sinb

H = A + AH
5 R )

_ Xsinb + Z cos b
L ~ A + AH
. p (e )

Substituting for Z and X through Eqs. (25) and (26), and using Eq. (11)
for AH, after some simplification we obtain

{Z(I-p)-(l-p)ll+p+g(p)] sin 6}c056

27
KA) [ 2 2 ZJ @
(l-p ) cos &+ p

(28)

<A {Z(l-p)(l-}-p)-(l-p.)[l+p+g(p))$1n 6}q1n6

[(l-p. ) cos 6+p2]
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2 is the area of the fully contrac-

7Y
vortex tube).

2
where g (u) = g}—t“—) G, and As = R

ted slipstream

Since T is assumed to act normal to the plane of the disc, the tilt angle
ap is given by

a = tan™! (cL"/cH"> (29)
P P

Introducing the thrust coefficient TC" , defined as

T/A : 1/2
'|=_L= " 2 " 2
R A LCT R CHO R

the ratio of the propeller area to slipstream area AP/AS becomes

1/2

AP/AS = [(cL" AP/AS>2+ (cH; AS/AP>ZJ A (30)

p

where the quantities C Ap/As and CHp Ap/AS are given by
Eqgs. (27) and (28).

Equations (11) and (27) through (30) may be used to express the
flow field velocities in terms of the given physical parameters T ', @ ,

p
and A _ instead of u, 6, and As. Once Té’, a, and A are known,

u, 6, and As may be obtained either by iterating on the value of &, or

graphically from Figure 3.

The power P added to the slipstream and to the outside flow by the actu-
ator disc is readily obtained by evaluating the net flux of energy out of the
cylindrical control surface in Figure 2. Thus, writing

p=-2& (V- Vy(v.da5)-\ pV. dsS

2
S +SZ+S S,45,+S

1’7273 17273

and performing a similar analysis to that done previously for the com-
ponents of T, we obtain

12




P=u A AH (31)
s s

The effect of propeller tilt angle on power, for a fixed forward velocity
and thrust coefficient, is obtained by writing Eq. (31) as

[ VY2l A ]
coszb+ o, = (a )
Pla ) -1 a_ 9%
£ - - T (32)
P (0) T A
1+ l——c—rr =~ (0)
-T A
i < . P -

where 6 and As/AP are obtained in terms of a_ from Eq. (11) and

Eqs. (27) through (30). This expression has been evaluated (Figure 4),
and is compared with wind tunnel measurements of power versus tilt angle
in the following section.

COMPARISON WITH PROPELLER TEST DATA

Because of the many assumptions inherent in the inclined actuator disc
theory, it is of importance that the theory be evaluated by comparison
with test data before being applied to the wing-slipstream interference
problem. Comparisons of the power and average downwash angle across
the slipstream may be made without consideration of slipstream rotation
or swirl. However, the swirl effects must be added to the theory before
detailed downwash survey data may be compared.

A comparison of predicted and measured effects of propeller tilt angle on
power is shown in Figure 4. Both the theory, Eq. (32), and the test data,
reference 10, show that the power required to produce a given value of
T!' decreases with increasing tilt angle, with the power becoming inde-
pendent of tilt angle as T/!' -+ 1.0. The data scatter and differences be-
tween theory and test data in Figure 4 could be due to errors in estimating

the ideal efficiency of the inclined propellers.

The downwash angle ¢ far behind the propeller may be found from the
expression

(33)

ey, z)= -tam-'1 [wcosb - usind J

| W sin 6§ + u cos 6

and is readily determined from the theory using Eqs. (19) and (20). As

illustrated in Figure 5, Eq. (33) predicts a nonuniform downwash distri-
bution inside the slipstream and a varying upwash outside the slipstream,
except for the limiting cases Té' =0 and 1.0, The calculated downwash

13




angle at the center of the slipstream has been plotted, for convenience,
in Figure 6.

The nonuniform value of ¢ makes comparison with test data, obtained by
means of a tailplane spanning the slipstream, somewhat difficult to inter-
pret. Nevertheless, as illustrated in Figure 7, such ''average'' test data
(reference 11) show a variation in the ratio of ¢/a with Té’ similar to

that predicted by theory, at least for the small values of a_ for which
the tests were conducted. P

A simple vortex model of the slipstream has been used to calculate the
swirl velocities caused by the propeller rotation (AppendixIl). The analy-
sis is similar to that by Franke and Weinig (reference 3) in that a central
vortex is introduced along the slipstream axis and a helical vortex is
placed around the slipstream interface. However, in order to keep the
swirl velocities finite near the axis, the central vortex is '"softened' by
introducing viscous core effects according to Lamb (reference 12). The
resulting expression (from AppendixIl) for the circumferential swirl
velocity ve(r) inside the slipstream is

#EEE) =[G EE]) e

where J = VCD/ZNRp is the advance ratio, Ve is the effective turbulent

viscosity, £ is the effective starting distance ahead of the origin for the
viscous core, and the sign is positive for a counterclockwise sense of
rotation when viewed from the rear. No swirl velocities are predicted
outside the fully contracted slipstream.

Equation (34) is comgpared with measurements by Stuper (reference 4) in
Figure 8. The test data were obtained at several stations in the wake of a
0. 49-ft.-diameter pusher propeller aligned with the free stream and at a
thrust coefficient Té" o (0, 38. With the origin x = 0 located at the blade

trailing edge, the best fit to the data was accomplished by choosing
Ve T 0.093 ft“/sec and £ = 0,08 ft (approximately twice the maximum

blade chord). The propeller advance ratio was 0.472, whereas the free-
stream velocity was approximately 100 fps. The circulation I was

14,2 ftz/sec as computed from Eq. (51) of Appendix II,

It is not clear how vy will scale for different values of these parameters,

although, as discussed by Hall (reference 13), e scaling with either T or

(l‘)l/'2 has been considered. Because it would be premature to use such
scaling laws indiscriminately, and because of the lack of additional test
data on the slipstream vortex, it was decided to use v, = 0.10 ft¢/ sec for

all subsequent calculations and design charts employing swirl,
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A comparison of Eq. (34) with test data from reference 14 is shown in
Figure 9. The test data were obtained at a single station located 1. 43 ft.
behind the propeller (3.25 ft. diameter). The propeller was mounted on a
flat-faced cylindrical nacelle which extended rearward to the measuring
station., This may have been the cause of the thick viscous core which is
apparent from the data. In order to achieve correspondence between the
theory and data, it was necessary to place the effective turbulent origin
28. 6 ft. ahead of the measuring station (20 times the actual distance)

when using a nominal value of v, = 0.10 ftz/ sec. Although the correla-

tion shown in Figure 9 is reasonable, data scatter (due possibly to wind
tunnel wall intcrference at propeller incidence) and the scarcity of data
points make the comparison somewhat questionable.

Additional experimental verification of the inclined actuator disc theory is
clearly needed, both with and without effects of slipstream rotation. This
is especially true for conditions of large tilt angle and thrust coefficient
representative of V/STOL transition, for which little experimental data
are available. In the next section the inclined actuator disc theory is used
in the development of a wing lifting surface theory with inclined slip-
streams,

15
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WING LIFTING SURFACE THEORY WITH
INCLINED SLIPSTREAMS

A method will be developed for calculating the span loading and wake flow
field, inside and outside the slipstream, for a wing with inclined slip-
streams representative of tilt-wing or tilt-propeller (rotor) V/STOL air-
craft. The procedure will be applied to aircraft with one, two, or four
slipstreams. For reasons of computational simplicity, the plane of the
wing will be assumedto pass through the center of the slipstream(s) and to
bisect the slipstream into upper and lower halves. Also, for reasons of
simplicity, the formulation will be restricted to configurations with sym-
metrical span loadings about the aircraft centerline. This eliminates
consideration of slipstream swirl for single slipstream aircraft, and re-
quires that the propellers be rotating in opposite directions on each wing
panel for the two- and four-slipstream configurations.

Basically, the method to be developed can be considered a combination of
the inclined actuator disc theory developed in the previous sections and the
Ribner and Ellis potential theory for a wing in an uninclined slipstream
(references 6 through 8). The approach used, as shown in Figure 10, re-
places the wing by a system of discrete small-span horseshoe vortices
with the bound vortex elements placed along the 1/4-chord line (assumed
unswept). The wing vortex system will produce velocity perturbations
which in general violate both the pressure and normal velocity boundary
conditions across the slipstream interfaces. To correct for the pressure
boundary condition, a system of horseshoe vortex elements is also placed
around each cylindrical vortex tube representing the boundaries of the
slipstream. Violation of the normal velocity boundary condition across
the slipstream is automatically suppressed by using a reduced velocity
potential 9; = pe, inside the slipstream, as done by Ribner and Ellis.

The tangential flow boundary condition is satisfied on the wing at the 3/4-
chord points according to the well-dknown Weissinger lifting surface theory,
e.g., Gray and Schenk (reference 15). However, the resultant velocity
includes effects of slipstream inclination [ Eqs. (19) and (20)], swirl
[Eq. (34)], and perturbations from the slipstream horseshoe vortex sys-
tems, in addition to perturbations from the wing horseshoe vortex system
as in reference 15. The pressure boundary condition is satisfied across
the slipstream in a linear approximation, as originally suggested by
Koning (reference 1). Satisfaction of the wing and slipstream boundary
conditions leads to a system of linear simultaneous equations whose un-
knowns are the strengths of the wing and slipstream vortex elements.
Subsequent solution of this system leads to the span loading and velocity
tield.

A further simplification has been to take all trailing vortex elements as
straight and inclined downward to the free stream at the same angle 6
as the axis of the vortex tube. It is recognized that a somewhat improved
model might be to take the direction of the trailing vortices as coincident
with the local flow angle at the particular spanwise station. Because of
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the additional computational complexities, it was decided to forego this
remodeling until justified by comparison with experimental data.

In the following sections, expressions are derived for the wing and slip-

stream boundary conditions in terms of the unknown vortex strengths.
Results of the computational procedure are then compared with test data.

BOUNDARY CONDITIONS

The boundary conditions to be satisfied are a constant pressure and a con-
stant normal velocity angle across the slipstream, and tangential flow to
the effective airfoil mean line at the 3/4-chord position of the wing.

Slipstream Boundary Conditions

The pressure boundary condition, from the incompressible form of the
Bernoulli equation, is now

2AH _ [ 2 2 2
S85 = Mu tu )7 (v v )T (W w1 J

P s

-

- II:(uo + uor)2+(vo+ Vol‘)z + (wo + WOF)ZJ

where the single subscripted velocity components are for zero loading on
the wing [ Eqs. (19) and (20)], whereas quantities with a second subscript
I refer to perturbations due to the vortex systems. By Eq. (10), and
also neglecting second-order perturbations in accordance with the usual
linearity assumptions, the above expression becomes

u + v v +w w = u_ u +v v +w w
us sI” s sI s s8I’ o ol o ol o oIl

This condition will be satisfied on the slipstream in the region of the wing,
for which the first terms on the left- and right-hand sides may be as-
sumed dominant, In terms of the perturbation velocity potentials ¢ s

and ®or inside and outside the slipstreamn, this becomes

u (de /dx)=u (de r/dx) (35)

which is the usual linearized pressure boundary condition originally intro-
duced by Koning.* Equation (35) should be satisfied for all x in the vicin-
ity of the wing, and at all azimuthal positions 6 around the slipstream.

* The full nonlinear pressure condition has been satisfied in the inclined
actuator disc theory,
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However, following Koning and others, Eq. (35) is integrated from x= -
to x = @ giving

U @ (o, R, 8) =u_ ?or (o, R, 6) (36)

where ?ar (-o) = ?or (-o) = 0, This allows the pressure boundary con-

dition to be satisfied in the Trefftz plane. We note, however, that Eq. (36)
satisfies the linearized boundary condition [ Eq. (35)] in an average sense
only, and is therefore less exact,.

The boundary condition on the normal velocities [ Eq. (1)] may be readily
generalized to include the velocity perturbations due to the vortex systems
Assuming that the axial perturbation velocities are small compared to

ug and u, and utilizing Eq. (1), we obtain

8(001../82' a¢sr/ar

u N u (37)
o 8

which can be satisfied on the slipstream, r =R, for all x and 6 by
the placement of a suitable distribution of sources and sinks of
strength proportional to the normal velocity jump. Following Ribner and
Ellis, a reduced potential

eLr = (u /u)e o (38)

is used inside the slipstream, so that the normal velocity jump is sup-

pressed. In terms of ¢ r the pressure boundary condition[Eq, (36)]
now becomes 2

o (= R, 0) = (u /u)p (=R, 0)

In terms of the potential jump A(pr @or ~ q)'sr = I'(€), where I(0) is

the strength of the horseshoe vortex element on the slipstream at azimu-
thal angle 0, the pressure condition finally becomes

_ 2
r(e) = (l'}")¢or(mt R, 9) (39)
where it is recalled that pu = u /ua c
In the present treatment, Eq. (39) will be satisfied at each of M slip-

stream control points of azimuthal angle Gm as shown in Figure 10,

For reasons of simplicity, the formulation will be given for single- and
two-slipstream configurations only. Generalization to configurations with
four slipstreams is straightforward, and has been incorporated into the
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machine computational procedure.

Because of the symmetry conditions discussed previously, Eq. (39) may

be satisfied only on the starboard wing panel, and Om may be limited to
the range 0 < em <7w (0< Om < m/2 for a single-slipstream configura-

tion). Thus, we are led to a series of M equations of the form

2
1-u° T . .
r(em) - ™ lpmj I‘j+ pm(-j) rj * IDmn rn N pmnrn- pm(-n) rn:,
m=1,2,... M (40)

where the repeated subscript signifies a summation. The elements

ij represent the contribution to the potential at Om, just outside the

slipstream, arising from the trailing vortices of the j'th wing horseshoe
vortex element of unit strength and centered about y = yj c ij is given

in complex notation by

P . = ar Z.+h. -2 - ar Z.-h. -2Z2 4]
mj g Z Rz ) gREeh s 20 (41)

Here 2 hj is the vortex spacing on the wing, Zj = yj , and

Z =y +Rexp{(i6_), where y_ is the coordinate of the slipstream
m P m p

axis. The elements Pm(_j) represent the contribution to the potential at

Om due to the image vortex system on the opposite wing panel, and are

obtained from Eq. (41) through the relation
P w(Z. h)=-P_.(-2., -h, 42
m(-J)‘ iR i mj " % J) B

The elements Pmn represent the contribution to the potential at Om

from a pair of trailing vortices of unit strength located on the upper half
of the same slipstream at azimuthal angles Gn s Aen/Z, and also from

their images on the lower half of the slipstream. The vortex pair at

8, = Gm is included. Because of the symmetry arising when the wing

passes through the center of the slipstream, viz., r(en) = -T(- On) , it

may be demonstrated that P reduces to
mn
P = b (43)

where 6mn is the Kronecker delta symbol (see Ribner, reference 6).

The elements P'mn occur only for multi-slipstream configurations, and
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represent contributi e potential from the image vortex system on
the upper half of the eam on the opposite wing panel. p;'nn may be

written as

Pmn = arg [R exp i(mw- 9n+A6n/Z) - R expli em)- Zpr

- arg [R exp i (w-0 - AGn/Z) -R exp(if )- ZYP] (44)

Similarly, the P'm(-n) represent contributions from the lower half of the

slipstream on the opposite wing panel, and may be obtained from Eq. (44)
through the relation

P (on) O 88) = =P (-8 ., -248) (45)

Wing Boundary Condition

The condition that the resultant flow velocity is tangent to the effective
wing surface at the i'th control point along the 3/4-chord line becomes,
in the slipstream coordinate system,

tan [(aeff)i'bj = -(wR/u)i, i=1,2,..,1 (46)

Here & is the inclination of the vortex tube representing the slipstream,
(wR)i is the resultant Z component of velocity, and (ae“)i is the effec-

tive angle of attack of the wing section measured with respect to the re-
mote free stream direction Vm. In accordance with thin airfoil theory,

we define A g a8 the angle of attack of an equivalent flat plate airfoil

which yields the same lift coefficient as a cambered and flapped section,
Thus, we take

a =a -a +(a

eff g 6+ c‘a/zn (47)

where a is the geometric angle of attack and may vary along the span

due to geometric and aeroelastic twist, @, is the ideal angle of attack

of the section (the angle at which the pressure at the leading edge of
the cambered mean line is finite), ag is the section flap effectiveness

parameter at zero lift coefficient, 6f is the flap deflection angle, and

C‘ is the ideal lift coefficient, i.e., the lift coefficient at o = a,. The
a
parameters a, and Cl are tabulated in reference 16 for various airfoil
a
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mean lines. The flap effectiveness ag is also given in reference 16 as

a function of the flap/ wing chord ratio.

For control points located outside the slipstreams, we take at the i'th sta-
tion

(48)

"
B

where (wI_)i is the z component cf the velocity induced by all wing and
slipstream horseshoe vortex systems at the control point, and Yok is

the z velocity component due to the k'thinclined slipstream as obtained
from Eq. (19). Thus, the multiple slipstream effects on the basic velocity
field are approximated by superposition. A complete theory for multiple
inclined actuator discs would involve additional interference velocities,
inside as well as outside the slipstream, and has as yet not been accom-
plished.

As mentioned in the previous section, a reduced perturbation potential
q)'r =Hep is used inside a slipstream. In order that the form of Eq. (46)

remain invariant across a slipstream boundary, it is required that all
other velocity components, i.e., in addition to W be reduced by a like

factor. Therefore, for control points inside one of the slipstreams, say
k =2, we take

i s o
(49)
I’Y -y K
= — Pt -
(WR)i {Wr+pwsl+L, - IJ(ve)l-i»p;:(wo w.) }i
LR LY kA1
where Wy is given by Eq. (20) and Vo by Eq. (34).
All quantities in Eqs. (46) through (49) can be regarded as known at a
particular control station except for (w ). Expressing (w_). in
r“i r’i
terms of the I"(yj) and I“(Bn) gives
(wl..)i =Sijr(yj)+5inr(9n) (50)

where Sij and Sin are influence coefficients which give the z velocity
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component induced at the i'th control point by wing and slipstream horse-
shoe vortex elements of unit strength and by their images. Expressions
for Sij and Si n Tay be obtained directly from the Biot-Savart law,

e.g., reference 17.

VEIOCITY FIELD AND DOWNWASH ANGLES

Once the strengths of the vortex elements have been obtained, the result-
ant velocity VR (x,y,z) in the flow field may be obtained in a straight-

torward manner. Outside a slipstream, VR is found from

K
VR = VRo = Vr(x,y,z)+V IVO (y,z) - Vka+ \w (51)
k=1

where Vr (x.y,z) is the resultant velocity induced at the point (x, vy, z) in

the slipstream coordinate system by all vortex clements on the wing and
slipstreams and is obtained from the Biot-Savart law. The velocity con-
tributions from the inclined slipstream are obtained by superposition, as
indicated by the summation over k.

Inside a slipstream the induced velocity VF and the vortex elements

I‘j must be augmented by the factor (1/u) to correspond to the physical

perturbation velocity and vortex strength. We therefore obtain for VR

inside the f'th slipstream

K
- - _ 1] = r.. Ty
VR z (VR) e 1 & ; VF (x,vy, 2) +z [Vo(y, z) - Vm}k

k7 1

-~ 1 ['..
4 [vs(y. Z)Jf‘LV"(Y' Z)Jl
(52)

Of importance in the estimation of the static stability and control of
V/STOL as well as of conventional aircraft are the dynamic pressure
ratio q/ q,. the downwash angle ¢, and the stability parameter de/da.
These quantities may readily be found from VR. For convenience in
presentation, we shall express these parameters in free stream coordi-
nates (x', y', z') rather than in the slipstream coord:nates (x, y, z)
used in the theoretical development. The two coordinate systems are re-
lated by a simple rotation as shown in Figure 1.
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The dynamic pressure ratio is given by

- r 2
q(x',y',2')/q = \ '8 VR/Vm (53)

The resultant downwash angle e¢(x',y',z") is defined as the angle which

the projection of V_ in the plane y's constant makes with Vm. and is

R
given by an expression similar to Eq. (33).

The parameter de¢/da must be evaluated in a body fix2d coordinate sys-
tem, because the tail is assumed to rotate rigidly with the wing as the
angle of attack is changed. Thus, d(/da (x',y',z') is evaluated numeri-
cally from the expression

de¢/da = l}(a,x',y',z') —ef{atAa, x'+Ax',y',2'+ AZ')J/ Aa (54)

where Ax' =z'Aa and Az = -x'Aa,

RESULTANT FORCE AND SPAN LOADING

L
Outside the slipstreams, the force per unit span n may be found from the
expression

n=n (y) = pl(y)x Vo (oy 0 (55)

where x =2z =0 corresponds to the 1/4-chord line. Inside a slipstream,
because of the augmentation of the circulation and induced velocities, we
take

ne=n_(y) = e (y) /W) x Vg (0, y,, 0) (56)

It should be noted that n is the resultant of the local lift and induced drag
per unit span, because induced velocities have been included in VR' The

direction of n will vary across the span, and the overall lift force L
and drag B may be obtained by integrating the components of T perpen-
dicular to and parallel to Vm across the span,

The span loading n(y) must be continuous, even across a slipstream in-
terface, because of pressure continuity. The circulation I“(yi) is there-

fore discontinuous across the slipstream interface (a similar discontinuity
occurs for I‘(Om) across the wing, reference 7). In the present discrete

vortex formulation, I‘(yi) and I‘(Om) are not necessarily continuous, and

jumps in their values will automatically occur across the slipstream
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interface as required by the boundary conditions,
the formulation by Ribner and Ellis wherein the jumps in I are explicitly
prescribed and can unduly complicate the analysis for multiple slip-

This is in contrast with

streams.
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SAMPLE CALCULATIONS AND COMPARISON WITH DATA

Several sample calculations have been carried out to compare the present
discrete vortex formulation with the calculations by Ribner and Ellis and
with experimental data.

A comparison of the calculated span load distribution with that from refer-
ence 8 is given in Figure 1l for a wing with a single untilted slipstream.
According to Ribner and Ellis, discontinuities in the wing vortex strength
are required across the slipstream interface r = R such that

T'(R+0)-T(R -0) =(l-p.2)I"(R+0)

whereas a similar jump in slipstream vortex strength is required across
the wing. As shown in Figure 11, jumps of approximately this magnitude
were obtained with the discrete vortex formulation.

A comparison of the calculated span loadings and downwash angle with
test data by Stuper (reference 4) is found in Figures 12 through 16.
Shown in Figures 12 and 13 are the span loading and downwash angle
distribution, respectively, for a wing in the slipstream of an untilted
ducted fan with straightener vanes to remove swirl effects. Good agree-
ment is found except at a=12°, for which the wing has probably stalled.

A similar comparison, however, for a wing with a single untilted propel-
ler, is given in Figures 14 and 15. Because the present theory is limited
to symmetrical span load distributions, slipstream swirl can only be in-
cluded for two- and four-propeller configurations. The experimental span
loading and downwash data were therefore averaged (right and left wing
panels) before being plotted in Figures 14 and 15 for compariscn with the-
ory. Once again, reasonable agreement is found, except for the highest a,
where stall occurs, and except for some differences attributed to scatter.

A similar span loading comparison, for a single propeller inclined
upward 6° with respect to the wing zero lift angle, is shown in Fig-
ure 16. Again, average experimental data were used.

Although many more test data are available in reference 4 for compari-
son with theory, all data are for relatively small propellers at small
inclination angles. Tests of comparable detail but for propeller sizes
and tilt angles more representative of V/STOL configurations and opera-
tional conditions are required to substantiate the theory.

This requirement has been partially met by the half-model tests of refer-
ence 14, wherein span loading data were obtained by testing a segmented
wing and propeller simulating a two-engine V/STOL aircraft at large tilt
angles. A comparison between the present theory, including effects of
slipstream swirl, and representative data from reference 14 is given in
Figures 17 and 18. Satisfactory agreement is shown at angles of attack
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and propeller inclination angles at or below 20° for which wing stall ef-
fects and wind tunnel wall interference effects are probably small. The
test data at larger incidence angles and for thrust coefficients T¢ 2 0.90

have not been included in the comparison, because stall and wall interfer-
ence effects have been observed in the data.

Although no general downwash angle survey is available for large tilt
angles, i.e., on a scale comparable to that of reference 4 at small tilt
angles, it is still possible to obtain average values of the downwash angle
at the tail location f. om tail-on and tail-off wind tunnel test data. Such
data (reference 18) are compared with the theory in Figure 19. The test
model was a 1/11-scale version of the four-engine tilt-wing configuration
shown in Figures 36 through 50, The experimental downwash angle was
taken as the tail incidence angle with respect to the remote freec-stream
direction at which both tail-on and tail-off pitching moment coefficients
were cqual, and represents an average value across the tail span. The
theoretical downwash angle was calculated at the location of the hurizontal
tail ¢/4-line in the plane y/(b/2) = 0,325 (70% of the tail semispan). Cor-
rections were made in the theory for the vertical displacement of the wing
wake and of the slipstream interface by shifting these boundaries an
amount equal to the calculated displacement of the wing wake (sce Design
Charts).

As shown in Figure 19, satisfactory agreement was found for € < 109,
For test conditions (a, T', &, which resulted in downwash angles in ex-
cess of 10V, the oxperinwcntal values for ¢ were significantly greater
than calculated from theory. One possible explanation for this disagree-
ment is that the slipstream and wing wake are deformed in such a manner
that their downward displacement below the vertical tail is appreciably
reduced. Thus, it is known that a completely rolled-up wake is displaced
downward by only Z/TY‘: of the displacement of a plane vortex wake from
an elliptically loaded wing (reference 19). Although wake roll-up gener-
ally occurs behind the tail position at moderate lift coefficients and large
aspect ratios, slipstream effects might well accelerate the roll-up pro-
cess, because of the low effective aspect ratios of the wing segments in-
side the slipstream (sce Introduction). Similar results were noted by
Heyson and Katzoff (reference 20), who observed a very rapid roll-up of
the rotor slipstream. They found that the rolled-up vortices had been
displaced downward only about one-half as far as the calculated momen-
tum wake.

In lieu of a complete wake theory, which includes slipstream deformation
and wake roll-up, it was decided to correct for these effects by using only
one-half of the calculated undeformed wake displacement (or, equivalent-
ly, to shift the tail downward by this amount). Substantially improved
agreement with the data from reference 18 was thereby obtained, as
shown in Figure 20.

Because of the lack of sufficient test data at large tilt angles, it was de-
cided to forego any modification of the theory for slipstream deformation
and roll-up effects until further evaluation and comparison with test data
could be carried out.
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DESIGN CHARTS

Knowledge of the structural, aerodynamic, longitudinal stability, and con-
trol characteristics of V/STOL aircraft requires information on the span
load distribution and on the wake velocity field. In order to supply the
aircraft design engineer with data for making a rational estimate of these
characteristics, design charts have been prepared for the span loading

C!' (y), downwash angle ¢, stability parameter de/d @, and dynamic

pressure ratio q/ q, as obtained from the present lifting surface theory

(Figures 21 through 50).

The design charts were prepared for twin-propeller and four-propeller
tilt-wing configurations with wing and flap planforms taken similar to the
Canadair CL-84 and the Ling-Temco-Vought XC-142a aircraft, respec-
tively. The flight conditions and aerodynamic parameters (e.g., @, a_,

T(':', bf, J, etc.) were chosen as representative of V/STOL aircraft

operations in the hover, transitional, and cruise regimes. Thus, the fig-
ures may be considered an extension of the cruise design charts by Silver-
stein and Katzoff (reference 21) to conditions wherein inclined slipstream

effects are of significance.

The data for the charts were obtained from the computer program des-
cribed in Appendix III. Running time was approximately 30 seconds per
case. The data for ¢, de¢/da, and q/ q, are presented in the form of

contour plots in the vertical planes y/(b/2) = 0.40 and 0.325, which were
assumed representative of the average spanwise horizontal tail stations
for two- and four-propeller aircraft, respectively. Considerable data
smoothing was required, because the discrete vortex formulation gives
spurious results at points near the singularities. Although all computa-
tions are carried out in the slipstream coordinate system (x, y, z), the
contour plots are presented for convenience in the free stream coordinate
system (x',y', z') as discussed previously,

It is noted that no wake roll-up or slipstream distortion effects are in-
cluded. In this respect, the charts are similar to those in reference 21.
However, because of the large angles of attack, effects of the vertical
displacement of the wake have been approximated by shifting the contour
plots by an amount Az(x, y) where

x
Az = S; Wp (x,y,0)dx .

This results in both the slipstream boundaries and wing vortex wake being
displaced downward by an amount equal to the displacement of the wing

vortex wake. As pointed out in the previous section, slipstream deforma-
tion and wake roll-up will reduce the vertical displacement below that
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shown in the design charts. In lieu of a calculation procedure which con-
siders slipstream deformation and roll-up, the present charts might be
corrected for these effects by displacing the tail position by an amount
equal to the change in the displacement of the slipstream or wing wake.
The physical displacement has been estimated to be approximately cne-
half the calculated displacement Az shown on the charts for large
tilt angles.

The design charts include the effects of slipstream rotation with viscous
core effects reducing the swirl velocities to zero along the streamline
passing through the propeller axis. All computations were made with the
value v, =0.10 ftz/ sec, as obtained from wind tunnel data, with no scal-
ing for aircraft size, The effective turbulent origin Q was taken as

200 ft. and 400 ft. for the two- and four-slipstream configurations, re-

spectively,

Jumps in the quantities ¢, de¢/da, and Q/qm occur across the slip-

stream interface, as previously noted in the section dealing with the in-
clined actuator disc theory (e.g., Figure 5). Values of de¢/da were ob-
tained from Eq. (54) using an incremental Aa = 0.5% The value of
de/d a is actually undefined at the slipstream interface, and the vaiues
shown are limiting values obtained by extrapolation from inside and out-
side the slipstream. Viscous effects will probably play a role in smooth-
ing out these jumps. Viscous effects are also known to modify the down-
wash angle and dynamic pressure contours near the vortex wake of the
wing, because of dynamic pressure losses caused by skin friction on the
wing. Corrections for the latter effect are given in reference 21, and re-
quire the introduction of the wing profile drag coefficient CD as an ad-
ditional parameter, o
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CONCLUSIONS AND RECOMMENDATIONS

A theory has been developed for 221 inclined actuator disc which satisfies
the normal velocity and nonlinear pressure boundary conditions. This
theory has been used as the basis for the development of a wing lifting
surface theory with inclined slipstreams for application to V/STOL air-
craft in the transitional regime. The lifting surface theory has been pro-
gramnmed on the CDC 3600 digital computer. Sample calculations have
been carried out to compare with available test data and also to present
design charts of span loading, downwash angle, de¢/da, and dynamic
pressure in the wake for typical V/STOL aircraft.

Comparison with test data has shown that the theory predicts the span
loading and downwash angle reasonably well for small angles of attack and
small propeller tilt angle. However, at large tilt angles the theory (with
an undeformed, but displaced, slipstream and wake) tends to predict sig-
nificantly lower downwash angles in the tail region than observed from a
single set of test data, possibly due to slipstream deformation and wake
roll-up which tend to reduce the downward wake displacement. Use of
only one-half of the calculated wake displacement gave improved agree-
ment with measured downwash angles at these conditions. However, the
lack of sufficiently detailed test data for conditions representative of
V/STOL transition makes evaluation of the theory and assessment of its
limitations difficult.

In order to evaluate the theory, a test program is required for a wing-
propeller configuration at large angies of attack and large propeller tilt
angles with slotted flaps and slats to prevent separation, Measurements
should include span load distribution, separate overall wing and propeller
force and moment coefficients, and a survey of downwash angle and dy-
namic pressure inside and outside the slipstream. Improvement of the
theory for effects of slipstream deformation, wake roll-up, etc., could be
carried out following experiniental justification.
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Figure 35. Two-Slipstream Conhguratmn Charts

T" =z0.75, a=50° a =602 &_=30° J=0,26.
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